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Abstract
The presence and localisation of G-actin in various cell lines was studied using the highly G-actin specific, fluorescence-
labelled vitamin D-binding protein. In various cell-types, pig kidney-derived cells (LLC-PK1), Chinese hamster ovary (CHO)
cells, SV-40 transformed African green monkey kidney (COS) cells and human hepatoma (HepG2) cells, G-actin was only
visible in the cytoplasm of interphase cells. However, in mitotic cells, depending on the mitotic phase, intense G-actin staining
was found associated with the mitotic spindle (early mitosis) or overlapping the DNA-staining pattern (late mitosis). Also
after heat shock (60^180 min at 43‡C), an intense nuclear staining of G-actin was observed. In LLC-PK1 cells, the increase of
nuclear G-actin staining disappeared again after 24 h at 37‡C, but in COS, CHO and HepG2 cells, it was still present in the
nucleus after 24 h at 37‡C, indicating that the process was not rapidly reversible in these cells ; the increased nuclear G-actin
was not associated with cell division. Comparison of the amount of G-actin present in the nucleus and in the cytosol before
and after heat shock using Western blotting demonstrated that the total amount of G-actin in both nucleus and cytosol was
unchanged after heat shock. This indicates that the increased G-actin staining is not a result of import of G-actin into the
nucleus. These observations suggest a rearrangement of G-actin in the nucleus during both mitosis and heat shock, which
may be due to changes in interaction of G-actin with chromosomes. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Actin, a cytoskeletal component, is present in the
cytoplasm of the cell. It is also a structural compo-
nent of the nuclear matrix, and is associated with the
inner nuclear membrane and the nucleolus. Using
various biochemical assays, several authors showed
that a signi¢cant amount of the actin present in the
nucleus is in the form of polymerised F-actin; most,
however, exists in the monomeric globular state as
G-actin [1^4]. Little information is available on the
exact localisation of G-actin in the nucleus; only
Barak et al. [5] studied the distribution of G-actin
using £uorescent labelled DNase I. Their results in-
dicated that the metaphase spindle contained G-actin
and little, if any, F-actin. No data on other stages in
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the mitotic process were reported. Although DNase I
preferentially binds to G-actin, it also binds to F-
actin albeit, with a lower a⁄nity; moreover, DNase
I is also known to depolymerise F-actin, so that the
£uorescent DNase I conjugates could disrupt F-actin
in the cells [5]. Therefore, the exact localisation of G-
actin in the nucleus is still open to question.
Only recently, a highly speci¢c dye for G-actin,
£uorescent-labelled vitamin D-binding protein, be-
came available, which can be used to investigate
the localisation of G-actin in the cell highly speci¢-
cally: Cao et al. [6] showed that G-actin molecules
are localised at discrete sites in the cytoplasm of cul-
tured cells, but not in the nucleus.
Recently, we reported an increase of G-actin in
nuclei of isolated rat hepatocytes as a result of ex-
posure to extracellularly added adenine nucleotides,
as detected with the £uorescent labelled vitamin D-
binding protein [7]. In these experiments, we also
occasionally observed increased G-actin associated
with the mitotic spindle of dividing control cells. In
the present study, we speci¢cally investigated G-actin
staining in systems with a higher percentage mitotic
cells than isolated rat hepatocytes: we used various
cells lines. In addition, we tested whether induction
of changes in gene expression also led to increased
staining of G-actin in the nucleus or the nuclear re-
gion. Since heat shock is known to change gene ex-
pression of speci¢c heat shock proteins, but also of
proto-oncogenes, like c-fos and c-jun [8,9], we used
this model to investigate the e¡ect of increased tran-
scriptional activity on nuclear G-actin.
In this paper, we show that interphase cells lack
nuclear G-actin staining. Mitotic cells, however,
show an increase in G-actin staining in the region
where mitotic division of chromosomes takes place,
with the highest concentration of G-actin located in
the mitotic spindle during early mitosis. G-actin
overlaps DNA in later stages of the mitotic process.
Heat shock also increased nuclear G-actin staining.
Therefore, we used heat shock to determine whether
the increase in staining was due to an increase in the
amount of G-actin in the nucleus. Western blot anal-
ysis of nuclear and cytosolic extracts indicated that
after heat shock, no redistribution of G-actin had
taken place. This suggests that the G-actin was al-
ready present in the nucleus, and became ‘unmasked’
after stress. Together these observations suggests ma-
jor reorganisation of G-actin in the nucleus during
both mitosis and cellular stress.
2. Materials and methods
2.1. Chemicals
Dulbecco’s modi¢ed eagle medium (DMEM), pen-
icillin, streptomycin, glutamine and foetal calf serum
(FCS) were from Gibco, Life Technologies (Breda,
The Netherlands); 4-(2-hydroxyethyl)-1-piperazine
ethane sulfonic acid (HEPES) from Biosolve (Val-
kenswaard, The Netherlands); Aqua-Poly/Mount
from Polysciences (Warrington, PA, USA); Hoechst
33258, TOTO-3 iodide, Bodipy-FL-phallacidin and
Alexa 488 goat anti-mouse IgG from Molecular
Probes (Eugene, OR, USA); vitamin D-binding pro-
tein (DBP, Gc-globulin) from Calbiochem (La Jolla,
CA, USA); mouse monoclonal anti-K-tubulin IgG,
G-actin, ATP, adenosine, phenylmethylsulfonyl£uo-
ride (PMSF), leupeptin, aprotinin and polyoxyethyl-
ene sorbitan monolaureate (Tween-20) from Sigma
(St. Louis, MO, USA); Nonidet P40 from Boehr-
inger (Mannheim, Germany); dithiothreitol (DTT)
from Aldrich (Brussels, Belgium); triethanolamine,
sodium deoxycholate (DOC) and Trypan blue from
Merck-Schuchardt (Darmstadt, Germany); sodium
orthovanadate (Na3O4V) from Janssen (Beerse, Bel-
gium); Protifar (fat free milk) from Nutricia (Zoeter-
meer, The Netherlands); Immobilon-P transfer mem-
branes from Millipore (Bedford, MA, USA);
hyper¢lm enhanced chemiluminescence (ECL) West-
ern blotting detection reagents from Amersham Life
Science (Buckinghamshire, UK).
DBP was conjugated with carboxy-rhodamine us-
ing the carboxy-rhodamine succimidyl ester (Molec-
ular Probes) [6].
2.2. Cell lines
The following cell lines were used: pig kidney-de-
rived (LLC-PK1) cells, Chinese hamster ovary
(CHO) cells, SV-40 transformed African green mon-
key kidney (COS-1) cells and human hepatoma
(HepG2) cells. All cell lines were cultured in
DMEM supplemented with 50 U/ml penicillin,
50 Wg/ml streptomycin, 2 mM glutamine, 25 mM
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HEPES and 10% (v/v) FCS. The cultures were main-
tained at 37‡C in a humidi¢ed atmosphere of 95%
air/5% CO2. Growth and morphology of the cells
were monitored using a Nikon TMS Inverted Micro-
scope equipped with phase contrast optics. For £uo-
rescence analysis of the nucleus and the cytoskeleton,
cells were cultured on collagen-coated coverslips.
2.3. Heat shock
Cells were incubated at 43‡C for 1, 2 or 3 h. After-
wards, cells were ¢xed (see below) or reincubated at
37‡C, to recover for 1, 2, 3 or 24 h, and subsequently
¢xed.
2.4. Staining of the nucleus and cytoskeletal elements
Visualisation of the nuclear morphology and cy-
toskeletal elements was done as described earlier [10].
Cells were ¢rst washed with PBS (37‡C) containing
1 mM CaCl2 and 1 mM MgCl2. Thereafter, the cover-
slip was dipped in PEM (80 mM PIPES, 5 mM
EGTA, 2 mM MgCl2, 37‡C, pH 6.8). Cells were
¢xed with 1 ml 3% (w/v) paraformaldehyde in
PEM (pH 6.8) for 5 min, followed by ¢xation for
10 min in 1 ml 3% (w/v) paraformaldehyde in 100
mM disodium tetraborate (NaB4O7) (pH 11.0), both
at room temperature. Thereafter, cells were washed
three times with PBS. To reduce background stain-
ing, this was followed by incubation for 10 min with
1 mg/ml NaBH4 in PBS. After rinsing the cells three
times with PBS, they were incubated at room temper-
ature for 10 min with PBS containing 0.1% (v/v)
Triton X-100. To improve microtubule staining,
non-speci¢c binding sites were blocked by incubating
the cells for 10 min with 0.2% (w/v) BSA in PBS
containing 0.1% (v/v) Triton X-100 (PBS/BSA). For
visualisation of microtubules, cells were incubated
with 100 Wl anti-K-tubulin diluted 1:200 in PBS/
BSA for 60 min in a humidi¢ed atmosphere at
37‡C. Thereafter, cells were washed two times with
PBS, followed by incubation for 10 min in PBS/BSA,
two times 10 min incubation with PBS, and incuba-
tion for 10 min in PBS/BSA. Then the cells were
incubated in a humidi¢ed atmosphere at 37‡C for
60 min with 100 Wl PBS/BSA containing 1:2000 di-
luted Alexa 488 goat anti-mouse IgG, 2 Wg/ml
Hoechst 33258 or 0.5 WM TOTO-3 iodide (for stain-
ing of DNA) and 50 Wg/ml carboxy-rhodamine-con-
jugated vitamin D-binding protein for staining of G-
actin. Vitamin D-binding protein forms tight 1:1 mo-
lar complexes with actin and binds more speci¢cally
to G-actin than the previously more often used
DNase I [11,12]. The conjugation of DBP was done
as described by Cao et al. [6]. F-actin was stained
with bodipy conjugated phallacidin (5 U/ml). The
cells were washed two times with PBS, followed by
10 min incubation with PBS/BSA and two times
10 min incubation with PBS. Finally, for post-¢xa-
tion, cells were put in 4% (w/v) paraformaldehyde in
50 mM cacodylate (pH 7.5) for 30 min; quenched for
45 min with 1 mM NH4Cl and then washed three
times with PBS for 5 min. To check for the speci¢city
of DBP, we pre-incubated a cell sample with unla-
belled DBP before adding the labelled DBP; in ad-
dition, labelled DBP was pre-incubated for 60 min
with G-actin before adding it to the cells. In both
cases, staining was completely prevented. In the
case of TOTO-3 iodide staining of the nucleus, the
cells were again incubated for 5 min with 0.5 WM
TOTO-3 iodide and washed for 5 min with PBS.
Coverslips were mounted in aqua-polymount.
2.5. Imaging techniques
Fluorescence images were made using a video-in-
tensi¢ed £uorescence microscope or a confocal scan-
ning £uorescence microscope system. The triple la-
belling with Hoechst 33258 or TOTO-3 iodide
(DNA), rhodamine-labelled vitamin D-binding pro-
tein (G-actin) and Alexa 488 goat anti-mouse (micro-
tubuli) was visualised in the same cells with three
di¡erent excitation and emission wavelengths. Exci-
tation wavelength of Hoechst 33258 was 365 nm,
emission was s 460 nm. For TOTO-3 iodide an ex-
citation wavelength of 633 nm was used, emission
was 650^680 nm. Rhodamine was visualised, using
a band-pass ¢lter, with an excitation wavelength be-
tween 510 and 560 nm and emission s 590 nm. The
excitation wavelength of Alexa 488 was 488 nm and
the emission was recorded at 540 nm.
The confocal laser scanning £uorescence micro-
scope system consisted of an IM35 inverted micro-
scope equipped with a Zeiss Planapo 63U/1.4 NA oil
objective (Zeiss, Oberkochen, FRG) and a Bio-Rad
600 MRC confocal laser scanning microscopy system
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[13,14]. Fluorescence images were also made using a
video intensi¢ed £uorescence microscope (VIFM)
system consisting of a IM35 inverted microscope
with a 50-W mercury arc lamp (Zeiss, Oberkochen,
FRG) and a Nikon 40U/1.3 NA CF Fluor oil lens.
VIFM images were recorded using a CCD instru-
mentation camera controlled by a CC200 camera
controller (Photometrics, Tucson, AZ). Images were
processed on an Imagine image processing system
(Synoptics, Cambridge, UK). All images were cor-
rected for background £uorescence by background
subtraction.
2.6. Isolation of nuclei
For isolation of nuclei, cells were scraped from
10-cm dishes into 7 ml ice-cold 150 mM NaCl. After
centrifugation at 500Ug for 5 min at 4‡C the super-
natant was removed and the pellet was cautiously
resuspended in 1 ml ice-cold NP40 (10 mM Tris,
pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.5% Nonidet
P40; just before use, 1 mM phenylmethylsulfonyl-
£uoride (PMSF) and 1 mM dithiothreitol (DTT)
were added). The suspension was left for 5 min on
ice, and then, using a dounce homogeniser, very cau-
tiously homogenised by moving the douncer up and
down 50 times. The suspension was left 15 min on
ice, dounced again 50 times and then centrifuged at
500Ug for 5 min at 4‡C. The supernatant, which
contained cytoplasmic material, was removed, rap-
idly frozen in liquid nitrogen and stored at 380‡C.
The pellet was cautiously resuspended in 1 ml ice-
cold NP40 and centrifuged at 500Ug for 5 min at
4‡C. The pellet was resuspended in 1 ml ice cold
NP40 and centrifuged. This procedure was repeated
three times to purify the nuclei. Finally, the super-
natant was removed and the pellet was resuspended
in 500 Wl IPB.7 (20 mM triethanolamine-HCl,
pH 7.8, 0.7 mM NaCl, 0.5% Nonidet P40, 0.2%
natrium deoxycholate; just before use, 1 mM
PMSF, 10 Wg/ml leupeptin, 10 Wg/ml aprotinin,
1 mM DTT, 1 mM vanadate and 50 mM NaF
were added). The samples were immediately frozen
in liquid nitrogen and stored at 380‡C. The purity of
the nuclei was tested at the end of the procedure by
staining the DNA in the nuclei with Hoechst 33258
and examining the nuclei with a Nikon Optiphot
microscope.
Fig. 1. Histochemical localisation of G-actin in LLC-PK1-cells.
Video microscopy photomicrographs of the same ¢eld show:
(A) G-actin (green); (B) double-staining for G-actin (green) and
DNA (red), with yellow staining indicating co-localisation; and
(C) microtubules. Magni¢cation: U400. G-actin staining was
increased in some cells (A). Microtubule staining showed that
this increased G-actin staining correlated with dividing cells
(C); double staining showed that G-actin and DNA coincided
in the dividing cells (B).
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2.7. Detection of actin by gel electrophoresis and
immunoblotting
The samples of the nuclei or cytoplasm were
thawed and further homogenised by sonication dur-
ing 5U10 s on ice (Vibra cell, Sonic and Materials,
Darburry, CT, USA, small tip diameter, 0.5 cm;
amplitude, 60). The protein content of the homoge-
nates was determined by the method of Lowry [15].
Aliquots of the homogenates were rapidly frozen in
liquid nitrogen and stored at 380‡C until use.
Samples of the nuclear homogenates in IPB.7 bu¡-
er or of the cytoplasmic homogenates containing 25
Wg of protein were separated by SDS-PAGE on 12%
polyacrylamide gel [16]. After electrophoresis, pro-
teins were transferred to nitro-cellulose membranes.
The membranes were blocked overnight with 5%
(w/v) fat-free dried milk in TBS-T bu¡er (0.5 M
NaCl, 20 mM Tris, pH 7.4, 0.05% Tween-20). Sub-
sequently, the membrane was incubated with a
mouse monoclonal antibody to actin (dilution
1:1000) in TBS-T with 0.05% BSA and 0.05%
NaN3 for 1 h, followed by a 1-h incubation with a
goat anti-mouse HRP-labelled antibody (dilution
1:2000) in TBS-T with 1% fat-free dried milk. The
immunobinding was detected on ¢lm by the en-
hanced chemiluminescence method (ECL) according
to the manufacturer (Amersham).
3. Results
3.1. G-actin in mitotic cells
When pig kidney-derived LLC-PK1 cells were
stained with rhodamine-labelled vitamin D-binding
protein, G-actin (the green colour) was visible as
¢bres in the cell. In most cells, nuclei were not
stained and visible as dark unstained dots, indicating
that they were very low in G-actin. Dividing cells,
however, showed a strongly increased staining of
G-actin (Fig. 1A). The mitotic cells could be identi-
¢ed by visualisation of the mitotic spindle with anti-
K-tubulin IgG (Fig. 1C): cells with an increased G-
actin staining also showed spindle ¢gures, con¢rming
that they were mitotic cells.
In order to localise the position of G-actin in more
detail, we stained DNA with Hoechst 33258 (the red
colour in Fig. 1B). Double staining of G-actin and
DNA showed di¡erent patterns; in some cells DNA
and G-actin staining clearly coincided (the yellow
colour), but in most cells, G-actin did not overlap
with DNA. This is shown in Fig. 1B where in three
dividing or almost completely divided cells DNA and
G-actin overlap, leading to yellow staining, while in
interphase nuclei DNA staining did not coincide with
G-actin (the red colour).
In the metaphase (Fig. 2, section 1), chromosomes
were lying along the equatorial plane and G-actin
was localised in the mitotic spindle. G-actin was
evenly distributed throughout the whole cell and co-
incided with the microtubules (Fig. 2, section 1 and
Fig. 1A,C). In the late anaphase (Fig. 2, section 2),
when the separation of sister chromatids was almost
¢nished, G-actin was located both in or near the
mitotic spindle as well as with the newly separated
chromosomes. In telophase (Fig. 2, section 3), con-
densed chromosomes were positioned at each pole,
with still some small bundles of microtubules be-
tween the two daughter cells. G-actin no longer cor-
related with the microtubules, but now overlapped
with the chromosomes in the daughter cells. At the
end of the mitotic process (Fig. 2, section 4), the
chromosomes became less distinct, while the newly
assembled nuclei had a circular or elliptical pro¢le.
At this stage, some small microtubules were still visi-
ble between the cells (midbody region), but G-actin
was widely spread out, overlapping with the DNA.
Small dots of G-actin staining could be observed
between the two dividing cells, coinciding with mi-
crotubular material. At some point after the comple-
tion of cell division the staining for G-actin disap-
C
Fig. 2. Localisation of G-actin in the di¡erent phases of mitosis
in LLC-PK1-cells. Video microscopy photomicrographs of the
same ¢eld show: G-actin (G); DNA (H); microtubules (MT).
Magni¢cation: U312. In metaphase (1) the G-actin pattern co-
incided with the microtubular spindle and only partly with the
chromosomes. In late anaphase (2) the G-actin pattern over-
lapped both the microtubuli pattern and the chromosomes.
Cells in telophase (3) showed a G-actin pattern overlapping
DNA and not the microtubule staining. At the end of the mi-
totic process (4), G-actin staining was clearly present in the
newly assembled nuclei of the daughter cells. Intense G-actin
staining was also visible in the midbody between the two
daughter cells.
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peared, because in non-mitotic cells nuclei did not
show any G-actin staining.
To ascertain that there was indeed labelling of
speci¢c structures, confocal microscopy images were
prepared. The results con¢rmed the above conclu-
sions. Thus, in metaphase, the staining pattern of
G-actin again coincided with the microtubules (Fig.
3, section 1). In late anaphase (Fig. 3, section 2) G-
actin was still located in or near the mitotic spindle,
but also started to appear in other parts of the cell.
Similar experiments with the other cell lines, Chi-
nese hamster ovary (CHO) cells, SV-40 transformed
African green monkey kidney (COS) cells and human
hepatoma (HepG2) cells showed the same, although
Fig. 3. Localisation of G-actin in the di¡erent phases of mitosis in LLC-PK1-cells with confocal microscopy. The paired photomicro-
graphs show on the left side microtubules (MT) and right G-actin staining (G) of the same cells. Magni¢cation: U567. In metaphase
(1), the staining pattern of G-actin coincided with the microtubules (arrow). In late anaphase (2), a highly stained G-actin pattern
overlapped the microtubuli pattern. G-actin also started to appear in other parts of the cell (arrow).
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sometimes less pronounced, results. All dividing cells
displayed an increased G-actin staining, concentrated
at the mitotic spindle region. Depending on the mi-
totic phase, G-actin was located in or near the mi-
totic spindle (early mitosis) or overlapping the DNA-
staining pattern (late mitosis).
F-actin, stained with Bodipy-FL-phallacidin, was
located as stress ¢bres in the cytoplasm of the cells.
We did not observe F-actin in the nucleus of inter-
phase cells nor in the mitotic spindle region during
the mitotic process (results not shown).
Fig. 4. Heat shock-induced nuclear G-actin staining in HepG2 cells. Paired confocal microscopy photomicrographs with on the left
G-actin staining (G) and on the right nuclear DNA staining of the same ¢eld with TOTO-3 iodide (T) are shown. Magni¢cation:
U567. Control cells (1) showed a lack of G-actin in the nuclei (arrow). Cells incubated 1 h at 43‡C (2) showed increased nuclear G-
actin staining, overlapping with the DNA staining pattern (arrow). Heat shock-treated cells were also more condensed.
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3.2. The e¡ect of heat shock on nuclear G-actin
After heat shock (43‡C) of HepG2 cells for 1 h,
confocal microscopy pictures showed an increased
nuclear staining of G-actin; all nuclei were visible
as brightly stained dots (Fig. 4). Double staining
for DNA (with TOTO) and G-actin indicated that
G-actin was indeed localised in the nuclei of the cells
(Fig. 4, section 1). TOTO was used because our con-
focal microscopy laser con¢guration was not suitable
for detecting Hoechst 33258 staining.
To ascertain that the G-actin was really located in
the nucleus (i.e. coincided with DNA staining) im-
ages were taken of a series of optical sections at pre-
chosen intervals along the z-axis (z-series). Image
resolution and contrast remained constant through-
out the series [14]. Mean pixel intensities of G-actin
staining and nuclear speci¢c staining with TOTO, of
di¡erent focal planes of the same cells, could then be
calculated. An overlapping pattern of staining of G-
actin and TOTO could be found (Fig. 5), indicating
that G-actin was indeed localised in the nucleus of
the cells.
Only very few cells divided after the heat shock
procedure, in spite of staining of virtually all nuclei
after heat shock, indicating that the increase of nu-
clear G-actin was not caused or followed by mitosis.
Similar experiments with CHO, COS and LLC-
PK1 cell lines showed virtually identical results. In
CHO and COS cell lines, most nuclei were distinctly
stained for G-actin already after 1 h at 43‡C, while
nuclear staining of G-actin in LLC-PK1 became very
strong after 3 h (results not shown).
After 24 h of recovery at 37‡C, nuclear G-actin
staining was still visible in HepG2, CHO an COS
cell lines, indicating that the process was not rapidly
reversible. In LLC-PK1 cell lines, however, staining
of the nuclei for G-actin had decreased almost com-
pletely to control level (results not shown).
3.3. E¡ect of heat shock treatment on the nuclear
content of G-actin
In order to test whether heat shock caused changes
in nuclear content of G-actin, nuclear G-actin was
determined by Western blotting. Nuclei and cyto-
plasmic material were isolated from control cells
and cells that were exposed to heat shock (43‡C)
for 1 h (COS, CHO or HepG2) or 4 h (LLC-PK1.
The nuclei, as checked with Trypan blue and
Hoechst staining, showed no cytoplasmic contamina-
tion.
A calibration curve for G-actin with three di¡erent
protein concentrations (Fig. 6), using material from
control cells, showed that the Western blot method
was suitable to detect changes in G-actin content.
Fig. 5. Determination of location of G-actin. Cells were double stained for G-actin and DNA (with TOTO-3 iodide); then a z-Seri
was made by confocal laser scanning microscopy. Afterwards, mean pixel intensities of the areas concerning the nucleus of di¡erent
optical sections from 400 cells were calculated ( þ S.D.). G-actin staining increased in the same layer, and to the same extent, as
TOTO staining, indicating that G-actin and DNA had the same localisation. The early decrease of the mean pixel intensity of the nu-
clear TOTO staining is due to quenching of the TOTO staining.
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The immunoblots showed a similar picture for the
four di¡erent untreated cell lines tested: G-actin is
present in the nuclei of untreated COS, LLC-PK1,
CHO and HepG2 cells (results for the latter two not
shown) in spite of the fact that it is not visible in
nuclei of untreated cells by DBP-staining. When the
cells were heat-shocked the content of actin in the
nucleus was not di¡erent from untreated cells (Fig.
7). A representative example is shown. This was re-
peated several times and always gave the same result.
The G-actin content of the cytoplasm of LLC-PK1
cells was much higher than that of the nuclei. How-
ever, also in the case of cytoplasmic material no
change could be observed in the content of G-actin
after heat shock treatment (Fig. 8). Similar results
were observed for COS, CHO and HepG2 cell lines.
Also, when the content of G-actin in the whole cell
was studied, no heat shock-induced changes in G-
actin content could be observed in the di¡erent cell
lines (results not shown).
3.4. The e¡ect of heat shock on F-actin
HepG2 cells stained with Bodipy-FL-phallacidin
showed F-actin ¢bres throughout the cells. After 30
min heat shock (43‡C) these ¢bres were still visible.
After heat shock for 1 h, besides an increase of nu-
clear staining of G-actin, disruption of the F-actin
cytoskeleton was visible (Fig. 9). Disruption of F-
actin ¢bres, after heat shock, also occurred side by
side with the nuclear increase of G-actin in LLC-
PK1, COS and CHO cell lines (results not shown).
4. Discussion
In this paper, we report an increased G-actin stain-
ing both during mitosis and heat shock. The precise
localisation of G-actin in mitotic cells depends on the
mitotic phase: in early mitosis, G-actin is localised in
or near the microtubule spindle; in late mitosis, when
cells have almost divided and chromosomes begin to
decondense, G-actin is homogeneously present
throughout the two, newly formed daughter nuclei
and coincides more with the position of DNA.
Heat shock led to increased nuclear staining of G-
actin in cells of four di¡erent cell lines, but these cells
did not divide.
Barak et al. [5] have studied the role of G-actin in
the mitotic process by histochemical staining of G-
actin. However, they used a £uorescent conjugate of
DNase I; although DNase I preferentially binds to
G-actin, it also binds to F-actin with a lower a⁄nity.
Their results suggested that the pole-to-pole chromo-
some region of the metaphase spindle contained G-
actin and little F-actin. We now con¢rm and extend
these observations with a more speci¢c G-actin
probe, vitamin D-binding protein. This protein forms
tight 1:1 molar complexes with actin and binds more
speci¢cally to G-actin than the more often used
DNase I [6]. We con¢rm that the mitotic spindle
region in the early phase of mitosis indeed contains
Fig. 6. Calibration of G-actin. Three protein concentrations (5,
25 or 50 Wg) were used with nuclear material from control cells.
Protein from isolated nuclei from COS or LLC-PK1 cells were
separated by SDS-PAGE (12%), using di¡erent protein concen-
trations per lane. Actin was visualised on Western blots with
an ECL method using anti-actin as primary antibody and HRP
conjugated secondary antibody.
Fig. 7. Expression of G-actin in nuclei after heat shock. Pro-
teins, from two samples isolated nuclei from COS or LLC-PK1
cells were separated by SDS-PAGE (12%), using 25 Wg protein
per lane. After heat shock (HS) for 1 h (COS) or 4 h (LLC-
PK1) at 43‡C, the content of nuclear G-actin was the same as
in control (C) nuclei.
Fig. 8. Expression of G-actin in the nuclei and cytoplasm after
heat shock. Proteins from two samples, isolated nuclei or from
the cytoplasm of LLC-PK1 cells, were separated, using 25 Wg
protein per lane, and visualised with anti-actin antibody. Cyto-
plasmic material contains a higher content of G-actin than nu-
clei. The same content of G-actin was found both in the nuclei
or in the cytoplasm of control cells (C) and in cells treated with
4 h of heat shock (43‡C) (HS).
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G-actin. We also show that during the mitotic proc-
ess, there is a shift of G-actin localisation from the
mitotic spindle to the chromosomes. No detectable
amounts of F-actin were observed in the nuclei of
both interphase and mitotic cells.
The increase in nuclear G-actin staining during
mitosis and after heat shock could have two reasons.
The ¢rst possibility is that the G-actin is transported
from the cytoplasm to the nucleus to result in nuclear
accumulation of G-actin. This was shown to occur
with F-actin in microinjection experiments after
DMSO treatment [15] and also after heat shock,
where co¢lin was shown to be responsible for the
nuclear uptake of actin [16,17]. However, we found
that after exposure to heat shock, no increase in the
total content of nuclear G-actin had taken place.
Fig. 9. E¡ect of heat shock on F-actin in HepG2 cells. Paired confocal microscopy photomicrographs show on the left side F-actin
staining (F) and on the right G-actin staining (G) of the same cells. Magni¢cation: U567. In control cells (1), F-actin stress ¢bres
were visible. After 30 min of heat shock (43‡C), stress ¢bres were still visible and no nuclear increase of G-actin could be observed.
After heat shock for 1 h (2), increased nuclear G-actin staining was shown (arrow) and F-actin ¢bres were damaged.
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Moreover, in spite of the fact that no G-actin was
visible in control cells, these nuclei did contain G-
actin as detected by Western blotting. G-actin is
known to be associated with chromosomes [18].
Therefore, the other explanation is that this G-actin
is unmasked during the mitotic process and after
heat shock so that it can form a complex with vita-
min D-binding protein and becomes ‘visible’. It then
forms part of the mitotic spindle region. When the
mitotic spindle disappears again and chromosomes
begin to uncoil during late mitosis, G-actin binds
again to the chromosomes and is thus ‘masked’ by
the chromosomes when the nucleus reaches the inter-
phase state again.
Fukuda et al. [19] found that tumour cells that
contain intranuclear ¢bres of F-actin have an im-
paired mitosis; this may be related to the importance
of G-actin in mitosis: is monomeric G-actin in these
tumour cells not available, because F-actin is not
depolymerised?
A similar process of actin unmasking may be in-
volved in the increased nuclear staining of G-actin
induced by extracellular adenine nucleotides [7] or
heat shock: this might also induce a release of G-
actin from the chromosomes, which makes G-actin
accessible for the £uorescent probe, suggesting a re-
arrangement of G-actin in the nucleus. However, it is
not followed by cell division. Heat shock is known to
induce changes in gene expression of both speci¢c
heat shock proteins as well as proto-oncogenes like
c-fos, c-jun and c-myc [8,9]; therefore a rearrange-
ment of chromosomal-bound G-actin could be a con-
sequence of transcriptional processes.
Several functional roles for nuclear actin have been
suggested: a structural framework within the nucleus
[20,1], modi¢cation of the structural state of chroma-
tin [1,15], molecular motor for chromatin motion [4],
involvement in nuclear transport mechanisms [21],
cofactor in the initiation of transcription [22], forma-
tion of actin^DNA structures as sites for protein
cross-linking [23], co-operation with small nucleic ri-
bonucleoproteins (snRNPs) in the processing of
RNA [24], role in transformation of cells [25] and
in nuclear assembly after cell division [26]. Studies
with £uorescent labelled phalloidin showed the pres-
ence of (very short) F-actin ¢laments in the mitotic
spindle [27,5] or in the chromosomes of metaphase I
[1]. However the mechanism responsible for chromo-
somal movement during mitosis, and the eventual
role of the monomeric G-actin, in this process, has
not been established yet.
This study indicates that G-actin might be in-
volved in changes of the structure of chromatin in
interphase cells and in the movement of chromo-
somes during mitosis. During heat stress, chromo-
somes may get a signal to uncoil, to prepare the
cell for transcriptional processes, which most likely
leads to unmasking of G-actin. Such unmasking of
G-actin is compatible with the fact that with bio-
chemical assays, like Western-blot techniques show
G-actin to be present in the nucleus of control cells,
while histochemically, no G-actin is visible. Further
research will focus on the role of nuclear actin in cell
division and transcriptional processes.
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